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Abstract
It is well established that abnormal thalamocortical systems play an important role in
the generation and maintenance of primary generalised seizures. However, it is cur-
rently unknown which thalamic nuclei and how nuclear-specific thalamocortical func-
tional connectivity are differentially impacted in patients with medically refractory
and non-refractory idiopathic generalised epilepsy (IGE). In the present study, we per-
formed structural and resting-state functional magnetic resonance imaging (MRI) in
patients with refractory and non-refractory IGE, segmented the thalamus into con-
stituent nuclear regions using a probabilistic MRI segmentation method and deter-
mined thalamocortical functional connectivity using seed-to-voxel connectivity
analyses. We report significant volume reduction of the left and right anterior tha-
lamic nuclei only in patients with refractory IGE. Compared to healthy controls,
patients with refractory and non-refractory IGE had significant alterations of func-
tional connectivity between the centromedian nucleus and cortex, but only patients
with refractory IGE had altered cortical connectivity with the ventral lateral nuclear
group. Patients with refractory IGE had significantly increased functional connectivity
between the left and right ventral lateral posterior nuclei and cortical regions com-
pared to patients with non-refractory IGE. Cortical effects were predominantly
located in the frontal lobe. Atrophy of the anterior thalamic nuclei and resting-state
functional hyperconnectivity between ventral lateral nuclei and cerebral cortex may
be imaging markers of pharmacoresistance in patients with IGE. These structural and
functional abnormalities fit well with the known importance of thalamocortical sys-
tems in the generation and maintenance of primary generalised seizures, and the
increasing recognition of the importance of limbic pathways in IGE.
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1 | INTRODUCTION
Idiopathic generalised epilepsy (IGE) accounts for 30% of all epilep-
sies (Behr, Goltzene, Kosmalski, Hirsch, & Ryvlin, 2016; Jallon &
Latour, 2005). Approximately, 70% of all patients with IGE will be ren-
dered seizure free after treatment with anti-seizure medication (ASM;
Alexopoulos, 2013; Faught, 2004). The pathophysiology of IGE has
been associated with centrencephalic, corticoreticular and
thalamocortical mechanisms (Avoli, 2012; Meeren, Van Luijtelaar,
Lopes Da Silva, & Coenen, 2005). Spike–wave discharges (SWDs) in
absence seizures have been attributed to thalamic dysfunction (Bal,
von Krosigk, & McCormick, 1995; Hosford et al., 1995; Hosford
et al., 1992; Huguenard & Prince, 1994; Liu, Vergnes, Depaulis, &
Marescaux, 1992; McCormick & Bal, 1997; McCormick &
Contreras, 2002; Prince & Farrell, 1969). This notion began to be
established with Penfield and Jasper's centrencephalic theory, which
suggested that the intralaminar nuclei were mainly associated with
3 Hz generalised SWDs via stimulation of this particular region of the
thalamus (Meeren et al., 2005; Penfield & Jasper, 1954). The theory
was later revised to suggest corticoreticular mechanisms for the gen-
eration of SWDs (Gloor, 1968). Rodent models have provided evi-
dence for thalamic reticular mechanisms generating normal spindles
and SWDs when thalamocortical systems are interrupted (Bal
et al., 1995; McCormick & Bal, 1997; McCormick & Contreras, 2002).
Studies suggested that a likely pathophysiology of SWDs was an aber-
rant GABAergic excitatory-inhibitory modulation, majorly involving
thalamic reticular cells and thalamocortical relay cells (von Krosigk,
Bal, & McCormick, 1993). The cortical participation of extensive
SWDs spread was further emphasised in Meeren's epileptic WAG/Rij
rats study (Meeren, Pijn, Van Luijtelaar, Coenen, & Lopes da
Silva, 2002). The wide synchronisation of SWDs was, therefore,
thought to result from disturbances in thalamocortical networks, lead-
ing to continuous seizure presentation in IGE. Moreover, pathophysio-
logical progression of IGE may differ in different thalamic nuclei
(Norden & Blumenfeld, 2002; Wang, Zhang, Jiao, Liao, & Chen, 2012).
Centromedian and anterior nuclei of the thalamus have been associ-
ated with initiation, propagation and maintenance of generalised
SWDs (Miller & Ferrendelli, 1990; Miller, Hall, Holland, &
Ferrendelli, 1989; Tyvaert et al., 2009). Although abnormal
thalamocortical networks are clearly important in generating and
maintaining generalised seizures, it is currently unknown whether dif-
ferences in thalamocortical architecture and connectivity underlie
pharmacoresistance in patients with IGE.
There have been many MRI-based investigations of thalamic
alterations in patients with IGE. Frequently used research methods
include thalamic volume, thalamic shape and voxel-based morphome-
try (VBM) analyses. While volume analysis attempts to evaluate gross
thalamus volume change, shape and VBM analyses have allowed
investigation of regional or subtle changes in the thalamus. Studies
have reported a decrease (Boss, Abela, Weisstanner, Schindler, &
Wiest, 2019; Ciumas & Savic, 2006; Du et al., 2011; Kim et al., 2014;
Kim, Kim, Suh, & Kim, 2018; Lee, Seo, Lee, Kim, & Park, 2020; Mory
et al., 2011; Nuyts, D'Souza, Bowden, & Vogrin, 2017; Perani
et al., 2018; Pulsipher et al., 2009; Saini et al., 2013; Di Wang
et al., 2016; Wang et al., 2012; Whelan et al., 2018; Zhong
et al., 2018) and an increase (Betting et al., 2006; Bin et al., 2017; Lee,
Seo, Lee, et al., 2020) in thalamic volume in patients with IGE com-
pared to healthy controls. Some studies have, however, reported no
statistically significant differences in thalamic volume (Betting
et al., 2010; Natsume, Bernasconi, Andermann, & Bernasconi, 2003;
Seeck et al., 2005). This discrepancy may be due to a number of fac-
tors, including that thalamic nuclei are potentially differentially
impacted in IGE, differential combinations of refractory and / or non-
refractory patients in statistical analyses, and different analytical
approaches were adopted. Kim and colleagues reported grey matter
(GM) atrophy in the anteromedial thalamus in IGE relative to controls
(Kim et al., 2014). Two other studies that specifically focused on juve-
nile myoclonic epilepsy (JME) suggested volume reduced in the ante-
rior (Mory et al., 2011) and medial thalamus (Saini et al., 2013) in
patients relative to controls. Wang and colleagues also identified tha-
lamic atrophy in the medial dorsal and pulvinar nuclei in patients with
IGE generalised tonic–clonic seizure alone (IGE-GTCS) relative to con-
trols (Wang et al., 2012). Localised volume reduction of the ventral
thalamus has been reported in patients with refractory IGE relative to
controls (Boss et al., 2019). There is therefore accumulating evidence
indicating regionally specific structural alterations of the thalamus in
IGE, but there is a lack of consistency with respect to the particular
region of the thalamus affected.
There have been many approaches to segment thalamic nuclei
using MRI; many of these necessitate the use of high field or
advanced MRI sequences that may not be incorporated to clinical
scanning for patients with epilepsy. A recently published thalamic
nuclei segmentation method provides an opportunity to probabilisti-
cally segment the thalamus into 50 thalamic nuclei based on histologi-
cal data and ex-vivo MRI and necessitates only three dimensional
T1-weighted (T1w) MRI data (Iglesias et al., 2018). The approach has
been recently applied to determine regionally specific thalamic alter-
ations in neurological disorders (Bocchetta et al., 2020; Hougaard
et al., 2020; Ngamsombat et al., 2020; Shin, Lee, & Park, 2019) but
has not yet been applied to patients with IGE. In the present study,
we use this method to determine regional structural and functional
thalamic abnormalities in patients with IGE and differences according
to seizure control.
Previous simultaneous EEG-fMRI studies have reported that
the thalamus is activated during generalised SWDs (Centeno &
Carmichael, 2014; Klamer et al., 2018; Seneviratne, Cook, &
D'Souza, 2014; Tyvaert et al., 2009). Large-scale network analysis
using resting-state functional MRI (rs-fMRI) has revealed altered
functional connectivity in patients with IGE relative to controls,
which were often found in intrinsic networks, such as the default
mode and salience networks (Li et al., 2017; McGill et al., 2012;
Wang et al., 2011; Wei et al., 2015). Few studies have identified
thalamocortical functional alterations in IGE using rs-fMRI. Serving
as a functional complex and relay station between different sub-
cortical areas and the cerebral cortex, distinct thalamic nuclei may
be divergently associated with functionally distinct areas in cortex
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(Mai & Majtanik, 2019; Noback, Strominger, Demarest, &
Ruggiero, 2005; Rikhye, Wimmer, & Halassa, 2018; Yuan
et al., 2016). This suggests that thalamocortical functional connec-
tivity alterations in IGE might also be divergent depending on the
involvement of particular thalamic nuclei—potentially differing
between patients with refractory and non-refractory IGE. Some
studies have reported reduced or increased thalamocortical rs-
fMRI connectivity when the regional thalamic seed was generated
based on VBM results (Kim et al., 2014; Wang et al., 2012; Zhong
et al., 2018) or diffusion tensor imaging connectivity-based tha-
lamic parcellations (Jiang et al., 2018). However, there has been
no work administered to date that has explored the functional
connectivity between cortex and the delineated nuclei of the
thalamus, while investigating potential differences in
thalamocortical connectivity in patients with refractory and non-
refractory IGE.
There were two primary goals of the present study. First, we
sought to determine regional thalamic nuclear volume alterations in
patients with refractory and non-refractory IGE and healthy controls.
We hypothesised differential thalamic nuclei involvement based on
whether patients were refractory or non-refractory to ASM. Second,
using parcellated thalamic nuclei regions as seeds, we sought to inves-
tigate rs-fMRI thalamocortical connectivity in IGE and to determine
whether alterations are associated with treatment outcomes. To our
knowledge, this represents the first study to probe differences in
thalamocortical architecture and connectivity in patients with refrac-
tory and non-refractory IGE.
2 | METHODS
2.1 | Participants
Thirty-five patients with a diagnosis of IGE were prospectively rec-
ruited at the Walton Centre NHS Foundation Trust (Liverpool, United
Kingdom) and Salford Royal NHS Foundation Trust (Manchester,
United Kingdom). All patients had a diagnosis of childhood absence
epilepsy, juvenile absence epilepsy, juvenile myoclonic epilepsy or epi-
lepsy with generalised tonic–clonic seizures alone. Based on the ILAE
clinical guidelines (Fisher et al., 2017; Scheffer et al., 2017). Patients
were prospectively recruited based on their seizure control; those
who experienced two or more seizures in the past 12 months were
classified as medically refractory and patients who had been seizure-
free in the preceding 12 months were classified as medically non-
refractory. Seizure frequency and 12 months seizure freedom were
determined by self-report from patients, their family and witnesses
and regular clinical evaluation. Exclusion criteria included patients
with either progressive neurological disease or confirmed focal abnor-
mality indicated in clinical MRI. A breakdown of the patients' clinical
information is provided in Table 1. We also recruited 39 healthy vol-
unteers with no history of neurological or psychiatric illness to serve
as a control cohort. Comparison between patient and control demo-
graphic data is presented in Table 2. There were no differences in sex
between patients and controls, but a difference in age between
patients with non-refractory IGE and controls.
2.2 | MRI acquisition
MRI acquisition for all participants was performed at the Department of
Neuroradiology, Walton Centre NHS Foundation Trust using a 3.0 Tesla
General Electric Discovery MR750 scanner with a 32-channel head coil.
Sequences used for analysis in this paper included: (a) 3D axial T1w fast
spoiled gradient echo (FSPGR) MRI with Phased Array Uniformity
Enhancement (PURE) signal inhomogeneity correction (pulse
sequence = BRAVO; TR = 8.2 ms, TI = 450 ms, TE = 3.22 ms, flip
angle = 12, slice thickness = 1 mm, voxel size = 0.94 mm  0.94 mm,
136 slices, FOV = 24 cm) and (b) resting-state functional MRI using a gra-
dient echo EPI sequence (TR = 2000 ms, TE = 25 ms, flip angle = 75,
slice thickness= 2.4 mm, voxel size= 3.75 mm  3.75 mm, 180 volumes,
38 slices, FOV = 24 cm). No task was used, and sedation was not admin-
istered during scanning. For all participants, image acquisition was per-
formed while awake and with visual fixation on a white crosshair with a
black background.
2.3 | Analysis of thalamic nuclei volumes
FreeSurfer (http://surfer.nmr.mgh.harvard.edu, version 6.0,
Fischl, 2012) and a probabilistic thalamic segmentation algorithm
incorporated into FreeSurfer software were applied to segment and
estimate the volumes of thalamic nuclei. First, T1w images were
processed with the FreeSurfer “recon-all” function to correct for non-
uniformity and fluctuations in MRI intensity, remove skull, and per-
form an automated intensity-based segmentation for cortical and sub-
cortical brain structures. The second step was to segment the left and
right thalamus each into 25 different nuclei using Bayesian inference
based on a probabilistic atlas built with histological data (Iglesias
et al., 2018). The parcellated thalamic nuclei are illustrated in Figure 1;
abbreviations for each nucleus are presented in Table 3. We divided
the nuclear volume measurements by the respective total intracranial
volume estimated using FreeSurfer (Buckner et al., 2004) in order to
control for the effect of brain size. The following formula was used:
Nuclei volume %ð Þ¼ nuclei volume mm3 =total intracranial volume mm3  
100%
Analysis was performed using a one-way analysis of covariance
(ANCOVA) in SPSS 25 (IBM Corporation, Armonk, NY), where each
nuclear volume was compared among all three groups (controls,
patients with refractory IGE and those with non-refractory IGE) while
controlling for effects of age and sex. A false discovery rate (FDR)
approach (Benjamini & Hochberg, 1995) was applied to correct for
multiple comparisons using MATLAB 2018a (The Mathworks, Inc.,
2018) Bioinformatics Toolbox. An FDR-adjusted p-value of less than
.05 was considered statistically significant.
CHEN ET AL. 3
2.4 | Thalamic functional connectivity
As a first step, all imaging data were manually recentered to the
anterior commissure. Rs-fMRI data were preprocessed using Statisti-
cal Parametric Mapping software (SPM12, Welcome Trust Centre
for Neuroimaging, London, United Kingdom; https://www.fil.ion.ucl.
ac.uk/spm/) and the Computational Anatomy Toolbox (CAT12;
http://www.neuro.uni-jena.de/cat/) in MATLAB 2018a. Functional
image preprocessing included slice-timing correction, motion estima-
tion, spatial normalisation to MNI space and spatial smoothing. First,
rs-fMRI slice timing was corrected using the first image volume as
the reference. Second, head motion parameters and movement-by-
susceptibility induced variance in the fMRI EPI sequence were
estimated using the realign and unwarp functions. The movement
parameters were further included as covariance in the general linear
model for functional connectivity analysis. Quality control for
TABLE 1 Clinical characteristics of patients. Year as the unit for age, onset and duration
Patient Age Sex Onset Duration Category FH PS Seizures ASM (mg/day)
1 34 F 2 32 REF N N GTCS VPA 3000, ZON 300
2 23 F 14 9 REF N N AS, MS LEV 300, TOP 300, Clob 10
3 19 M 16 3 REF Y Y GTCS VPA 1000
4 19 F 8 11 REF Y N AS, GTCS LTG 200
5 25 M 19 6 nonREF N N MS LEV1500, VPA 1600
6 60 F 13 47 REF Y N AS, GTCS VPA 2500
7 24 M 15 9 REF Y N AS, MS, GTCS CBZ1000, LEV 3000, VPA 2500
8 21 F 15 6 REF N N AS, MS, GTCS LEV 4000, VPA 2000
9 32 F 23 9 REF Y N MS, GTCS LEV 3500, Clob 15
10 38 M 18 20 REF Y N GTCS VPA 600, LTG 50
11 67 M 29 38 REF N N AS, GTCS VPA 2000, LTG 200, PB 150, Clob 10
12 46 F 7 39 REF N N AS VPA 1200, LTG 200, LEV 2500
13 20 M 8 12 REF N N GTCS VPA 2000
14 24 F 13 11 REF Y N MS, GTCS TOP 100
15 35 M 6 29 REF N N GTCS LEV 2000, VPA 2000
16 18 M 14 4 REF N N AS, GTCS VPA 1500, ZON 350
17 39 M 17 22 REF Y Y GTCS VPA 1000, LTG 75
18 24 F 16 8 nonREF N N AS, GTCS VPA 1000, LTG 200, LEV 4000
19 21 M 16 5 REF N N AS, MS, GTCS VPA 2400
20 36 F 17 19 REF N N GTCS LEV 1250, TOP 100
21 31 F 15 16 REF N N GTCS LEV 2000, LTG 400
22 31 F 16 15 REF N N AS, MS, GTCS VPA 1500, LEV 3500
23 23 M 16 7 nonREF N N AS, GTCS VPA 2100, LEV 500
24 19 F 13 6 nonREF Y N GTCS LEV 3000
25 58 F 15 43 REF N N GTCS VPA 1000, ZON 400, Clon 1.5
26 18 F 15 3 nonREF N Y AS, MS LEV 2000
27 22 M 2 20 nonREF N Y AS, MS VPA 1400
28 24 M 13 11 REF N N MS VPA 1700
29 56 F 3 53 nonREF N Y AS VPA 1500
30 57 F 7 50 REF N N AS, GTCS VPA 1200, CBZ 600
31 33 M 7 26 nonREF N N AS VPA 1800
32 19 F 14 5 nonREF N N AS, MS LEV 1000
33 57 F 7 50 REF Y N GTCS VPA 2000, LTG 75
34 20 M 16 4 nonREF N N AS, GTCS, MS VPA 1700, ETX 500
Note: Onset indicates the age of onset of epilepsy.
Abbreviations: AS, absence seizures; ASM, anti-seizure medication (daily dose in milligramme); Clob, clobazam; Clon, clonazepam; CBZ, carbamazepine;
ETX, ethosuximide; F, female; FH, family history; GTCS, primary generalised tonic–clonic seizures; LEV, Levetiracetam; LTG, lamotrigine; M, male; MS,
myoclonic seizures; N, no; PB, phenobarbital; PS, photosensitive; REF, refractory; TOP, topiramate; VPA, Valproic acid; Y, yes; ZON, zonisamide.
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motion artefacts was performed by employing a threshold (trans-
lation > 3 mm, rotation > 1) for exclusion (Fallon, Chiu, Nurmikko, &
Stancak, 2016; Johnstone et al., 2006). Functional data were subse-
quently spatially normalised to MNI space using the ICBM 152 tem-
plate of European brains and interpolated to isotropic 2 mm voxels
using the fourth degree B-Spline method. The mean functional
image generated from the previous step for each subject was
initially selected as the target for image registration. All images were
smoothed using an 8 mm full-width half-maximum (FWHM) Gauss-
ian kernel at every data point. T1w images additionally underwent
automated tissue segmentation into grey/white matter and
cerebrospinal fluid (CSF) compartments using CAT12 followed by a
non-linear registration to the ICBM 152 template. MNI registrations
for all image data and segmentations were visually inspected to con-
firm accuracy and each individual's thalamic nuclear mask was
checked for alignment with MNI thalamic masks provided in CONN.
A methods workflow of rs-fMRI thalamocortical analysis is pro-
vided in Figure 2. Resting-state functional connectivity analysis was
performed using the Functional Connectivity Toolbox (CONN;
https://web.conn-toolbox.org, Whitfield-Gabrieli & Nieto-
Castanon, 2012) integrated in SPM12. The toolbox implemented two
general steps of BOLD signal denoising: (1) linear regression to
remove effects of confounding variables and (2) band-pass filtering
for extraneous and physiological noise. Noise components from WM
and CSF were removed based on principal component analysis of the
multivariate BOLD signal within GM masks produced from T1w tissue
F IGURE 1 Thalamic nuclei. (a) Schematic illustration of the anatomical location of thalamic nuclei. (b) Probabilistic segmentation of thalamus
using FreeSurfer (Iglesias et al., 2018). MRI was taken from one control subject in the present study cohort
TABLE 2 Demographics for healthy controls, patients and subgroup of patients according to treatment response
Group
StatsControls nonREF-IGE REF-IGE
N 39 10 24
Age (SD), range 32.1 (8.6), 21–60 25.9 (11.4), 18–56 34.8 (15.1), 18–67 χ2(2,72) = 6.99, p = .03
Sex (F/M) 23/16 5/5 14/10 χ2(2) = 0.27, p = .87
Mean age of onset (SD) N/A 12.1 (5.9) 13.5 (5.8) Z = 0.32, p = .74
Mean duration corrected for age (SD) N/A 0.4 (0.3) 0.6 (0.2) Z = 1.15, p = .24
Note: Chi-squared test of independence was conducted for sex variables. Kruskal–Wallis ANOVA was conducted for age differences between three
groups. Wilcoxon-Rank-Sum test was used for age of onset of epilepsy and duration of epilepsy corrected for age.
Abbreviations: F, female; IGE, idiopathic generalised epilepsy; M, male; REF, refractory.
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segmentation for each subject. This removal was specified as an ana-
tomical component-based noise correction procedure (Behzadi,
Restom, Liau, & Liu, 2007). Furthermore, each subject's motion param-
eters were included as regressors (Figure 2c, denoising [a]). A conven-
tional band-pass filter at 0.01 Hz–0.08 Hz frequency band was
employed to minimise scanner drift, vascular and physiological fluctu-
ations (Boubela et al., 2013; Davey, Grayden, Egan, & Johnston, 2013;
Fox & Raichle, 2007; Yuen, Osachoff, & Chen, 2019). For analysis of
functional connectivity, we explored group differences in
thalamocortical connectivity through the analysis of statistical depen-
dencies of functional data between thalamic and other cortical and
subcortical GM regions of interest using the seed-to-voxel approach.
We selected thalamic nuclei which relay information to specific corti-
cal areas as the seeds of interest, including anteroventral (AV), ventral
lateral anterior (VLa), ventral lateral posterior (VLp), ventral anterior
(VA), and lateral geniculate nucleus (LGN) (Table 3). Moreover, cen-
tromedian (CM), mediodorsal (MD) and pulvinar regions were also
included for analysis due to their association with epilepsy (Avoli,
Gloor, Kostopoulos, & Gotman, 1983; Inoue, Duysens, Vossen, &
Coenen, 1993; Ji et al., 2015; Kato et al., 2008; Miller et al., 1989;
Tyvaert et al., 2009; Valentín et al., 2013; Wang et al., 2012). The MD
seed was generated by combining MDl and MDm (Table 3) due to
shared functional topology and the small size of those seeds
(Mitchell & Chakraborty, 2013; Pergola et al., 2018). The pulvinar seed
was defined as a collection of PuA, PuM, PuI and PuL (Table 3). All
nuclei were then spatially normalised to MNI space using SPM tools.
To compute seed-based functional connectivity, the resting-state
BOLD time series for each seed ROI was averaged and correlated
with BOLD time series for each GM voxel. Fisher-transformed bivari-
ate correlation coefficients were calculated to represent the degree of
functional connectivity. The seed-based connectivity maps were sub-
sequently used for the second-level analysis of relative
thalamocortical functional connectivity changes between groups. A
statistical parametric map was created to characterise the differences
in functional connectivity between groups using the general linear
model, corrected for age and sex. Voxel-wise statistics for
thalamocortical connectivity throughout the entire brain were con-
trolled at an uncorrected level (p < .001) with an additional cluster-
level correction (pFDR < .05) based on Gaussian Random Field theory
(Worsley et al., 1996) applied for FDR correction (Alonazi et al., 2019;
Chumbley, Worsley, Flandin, & Friston, 2010; Fallon et al., 2016).
Identification of anatomical regions for significant clusters was based
on Harvard-Oxford atlas (Makris et al., 2006).
3 | RESULTS
3.1 | Thalamic nuclei volumetric analysis
Statistically significant volume reduction was only observed in
patients with refractory IGE compared to healthy controls (left AV,
pFDR = .025; right AV, pFDR = .018) (Figure 3). There was no trend for
volume reduction of the left or right AV in patients with non-
refractory IGE compared to controls (Table 4). Trends were observed
for volume reduction of other thalamic nuclei in patients compared to
controls, but these effects did not survive FDR correction (Table 4).
3.2 | Thalamocortical resting-state functional
connectivity analysis
Patients with IGE had significantly altered functional connectivity
between thalamic seeds—including left VLa and LGN bilaterally—and
regions of the cerebral cortex, relative to controls (Figure 4a). Signifi-
cantly increased thalamocortical connectivity was observed between
left VLa and frontal medial cortex and right precentral gyrus in
patients relative to controls. Conversely, significantly decreased
thalamocortical connectivity was observed between left VLa and right
frontal pole, left LGN and left paracingulate gyrus, and right LGN and
left supramarginal gyrus in patients with IGE compared to controls
(Table 5).
Patients with non-refractory IGE had significantly increased func-
tional connectivity between left MD and right temporooccipital cortex
and decreased connectivity between right CM and right frontal medial
TABLE 3 Thalamic nuclei segmented in the present study.
Grouping was based on Iglesias's et al. (2018)
Group Abbreviation Nucleus
Anterior AV Anteroventral
Ventral VA Ventral anterior
VAmc Ventral anterior magnocellular
VLa Ventral lateral anterior
VLp Ventral lateral posterior
VM Ventromedial
VPL Ventral posterolateral
Medial MDl Mediodorsal lateral parvocellular
MDm Mediodorsal medial magnocellular
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F IGURE 2 A framework for resting-state thalamocortical functional connectivity analysis. (a) Identifying thalamic regions of interest as per
Figure 1. All nuclei were extracted and binarized into 50 separate masks using FSL. Nuclei selected for analysis were registered to ICBM
152 template. (b) rs-fMRI pre-processing based on the standard SPM protocol. The origin of T1w and rs-fMRI data was set to the anterior
commissure prior to all processing. rs-fMRI data underwent corrections, normalisation and spatial smoothing; T1w data underwent tissue
characteristic segmentation and spatial normalisation. (c) CONN processing for resting state functional connectivity. All pre-processing data (from
a and b) were input into CONN toolbox for running functional connectivity analysis. The seed-to-voxel approach was used. Movement
parameters were regressed, and noise was filtered to produce clean BOLD signals. Second-level analysis was implemented to determine
significant differences of rs-fMRI thalamocortical connectivity between study groups
F IGURE 3 Significant volume reduction of the left and right anteroventral (AV) only in patients with refractory idiopathic generalised epilepsy
(IGE) as revealed by one-way analysis of covariance (ANCOVA). Asterisks indicate significant differences between groups at pFDR
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TABLE 4 Thalamic nuclear volume and group differences
Thalamic
nucleus
Volume corrected for ICV, ratio (103) Stats













Mean (SD) Mean (SD) Mean (SD) Mean (SD) puncorr puncorr puncorr puncorr
L-MGN 6.59 (1.13) 6.74 (1.19) 6.53 (1.02) 7.24 (1.47) .63 .97 .23 .24
L-LGN 13.54 (1.52) 13.53 (1.99) 12.85 (1.33) 15.15 (2.42) .97 .12 .03a .003a
L-PuI 14.71 (2.20) 14.95 (2.73) 14.26 (1.93) 16.60 (3.69) .70 .47 .11 .06
L-PuM 72.24 (7.23) 74.46 (11.27) 71.55 (7.64) 81.4 (15.51) .35 .79 .04a .06
L-LSg 1.15 (0.28) 1.21 (0.28) 1.18 (0.27) 1.27 (0.29) .46 .61 .38 .78
L-VPL 52.43 (5.37) 51.19 (6.93) 49.45 (4.12) 55.36 (10.26) .32 .03a .35 .05a
L-CM 15.81 (1.66) 15.68 (2.01) 15.19 (1.60) 16.85 (2.47) .70 .18 .27 .09
L-VLa 39.20 (3.79) 38.57 (4.98) 37.44 (2.99) 41.28 (7.52) .43 .07 .42 .12
L-PuA 15.26 (1.39) 15.35 (2.10) 14.91 (1.38) 16.38 (3.09) .90 .34 .17 .16
L-MDm 52.46 (4.88) 52.67 (7.77) 50.79 (5.53) 57.19 (10.54) .95 .22 .12 .08
L-Pf 3.63 (0.33) 3.53 (0.46) 3.43 (0.40) 3.77 (0.53) .18 .03a .48 .12
L-VAmc 2.12 (0.24) 2.08 (0.26) 2.04 (0.22) 2.18 (0.32) .44 .19 .74 .36
L-MDl 18.93 (1.85) 18.61 (2.72) 18.10 (2.06) 19.85 (3.72) .38 .09 .46 .24
L-CeM 4.31 (0.61) 3.98 (0.80) 4.01 (0.77) 3.91 (0.90) .03a .07 .11 .32
L-VA 25.94 (2.56) 25.99 (3.20) 25.52 (2.42) 27.11 (4.53) 1.00 .63 .43 .44
L-MV(Re) 0.84 (0.13) 0.766 (0.19) 0.76 (0.18) 0.77 (0.22) .03a .04a .21 .61
L-VM 1.17 (0.13) 1.12 (0.14) 1.08 (0.11) 1.20 (0.19) .10 .01a .74 .07
L-CL 1.85 (0.42) 1.60 (0.56) 1.56 (0.36) 1.70 (0.36) .01a .01a .31 .74
L-PuL 11.79 (1.73) 11.95 (2.04) 11.68 (1.83) 12.59 (2.48) .71 .88 .28 .43
L-Pt 0.43 (0.05) 0.42 (0.06) 0.41 (0.04) 0.46 (0.08) .33 .05a .38 .09
L-AV 7.61 (1.10) 6.68 (1.42) 6.55 (1.29) 6.98 (1.74) .001a .001b .14 .95
L-Pc 0.24 (0.03) 0.23 (0.04) 0.23 (0.04) 0.25 (0.04) .66 .31 .45 .29
L-VLp 50.83 (5.13) 49.59 (7.01) 47.88 (4.08) 53.69 (10.56) .29 .02a .44 .09
L-LP 7.15 (1.82) 6.36 (1.90) 5.92 (1.53) 7.42 (2.36) 0.04a .01a .80 .13
R-LGN 13.80 (1.82) 13.99 (1.90) 13.57 (1.24) 15.02 (2.77) 0.71 .67 .15 .09
R-MGN 6.42 (0.95) 6.62 (1.66) 6.27 (1.00) 7.44 (2.54) 0.49 .84 .07 .17
R-PuI 14.30 (2.23) 14.35 (2.41) 13.84 (2.05) 15.58 (2.87) 0.98 .49 .34 .11
R-PuM 68.48 (6.25) 68.38 (10.48) 65.83 (7.22) 74.50 (14.51) 0.88 .18 .15 .08
R-LSg 1.15 (0.27) 1.19 (0.35) 1.13 (0.28) 1.35 (0.46) 0.62 .79 .11 .16
R-VPL 49.56 (4.41) 48.59 (5.89) 47.28 (4.07) 51.73 (8.33) 0.35 .05 .45 .10
R-CM 15.31 (1.61) 14.98 (1.84) 14.59 (1.48) 15.91 (2.35) 0.38 .11 .59 .17
R-VLa 39.44 (3.63) 38.84 (4.28) 37.99 (2.77) 40.89 (6.39) 0.40 .11 .55 .22
R-PuA 14.82 (1.34) 14.78 (2.02) 14.33 (1.43) 15.84 (2.82) 0.81 .19 .20 .11
R-MDm 51.66 (5.39) 50.53 (8.21) 48.59 (5.56) 55.18 (11.59) 0.32 .03a .38 .08
R-Pf 3.66 (0.35) 3.55 (0.50) 3.43 (0.41) 3.83 (0.60) 0.20 .01a .36 .08
R-VAmc 2.18 (0.19) 2.17 (0.21) 2.14 (0.18) 2.25 (0.24) 0.74 .39 .50 .37
R-MDl 18.91 (2.20) 18.33 (2.73) 17.73 (1.88) 19.79 (3.88) 0.21 .03a .62 .11
R-VA 26.13 (2.29) 26.81 (2.84) 26.31 (2.11) 28.01 (3.99) 0.31 .70 .10 .31
R-MV
(Re)
0.87 (0.14) 0.78 (0.18) 0.78 (0.19) 0.79 (0.17) 0.02a .03a .14 .64
R-CeM 4.56 (0.61) 4.26 (0.75) 4.27 (0.74) 4.25 (0.82) 0.05a .07 .25 .67
R-VM 1.11 (0.12) 1.07 (0.13) 1.05 (0.11) 1.11 (0.16) 0.08 .03a .76 .33
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cortex relative to controls (Figure 4b, Table 5). Patients with refrac-
tory IGE had significantly increased connectivity between left VLa and
right precentral gyrus relative to controls. Compared to controls,
patients with refractory IGE had decreased connectivity between
right VLa and right fusiform gyrus, between the right CM and supple-
mentary motor area and anterior cingulate gyrus, and between left
LGN and left superior parietal lobule, paracingulate gyrus, and right
middle frontal gyrus (Figure 4c, Table 5). In direct comparisons
between patient groups, patients with refractory IGE had increased
functional connectivity between the right VLa and superior part of left
lateral occipital gyrus, between the left VLp and right middle frontal
gyrus, between the right VLp and bilateral superior part of lateral
occipital gyrus, and between the right CM and right paracingulate
gyrus. Patients with refractory IGE had decreased functional connec-
tivity between the right CM and right parietal operculum cortex
(Figure 4d, Table 5).
4 | DISCUSSION
There were two primary goals of the present study. First, we sought
to determine regional thalamic nuclear volume alterations in patients
with refractory and non-refractory IGE and healthy controls. We
report significant volume reduction of the AV nuclei bilaterally only in
patients with refractory IGE. Patients with non-refractory IGE did not
show significance or a trend (uncorrected p < .05) for volume reduc-
tion of these nuclei. Second, we sought to investigate rs-fMRI
thalamocortical connectivity alterations in IGE and to determine
whether alterations are associated with treatment outcomes. We
report significant alterations in thalamocortical functional connectivity
between patients with IGE and controls and found evidence for
increased functional connectivity between the VLp nuclei bilaterally
and regions of frontal and occipital cortex in patients with refractory
IGE relative to patients with non-refractory IGE.
4.1 | Biological and clinical implications
VBM studies have not consistently reported atrophy of the anterior
regions of the thalamus in IGE, although some have described this in
patients with JME (Kim, Kim, Seo, Suh, & Koh, 2013; Mory
et al., 2011). On the contrary, one study reported increased volume in
the anterior thalamus in patients with IGE relative to controls, which
was more obvious in patients with absence seizures, who had worse
seizure control (Betting et al., 2006). Our findings that the AV nuclei
are specifically affected in patients with refractory IGE is a new find-
ing; the fact that these nuclei are affected in both cerebral hemi-
spheres is consistent with the bihemispheric nature of IGE. The
anterior thalamic nuclei complex is a part of the limbic system and an
important relay of the Papez circuit (Papez, 1937). The nuclei receive
output from the hippocampus via the fornix or mammillary bodies via
the mammillothalamic tract, and project to the cingulate cortex; infor-
mation travels through the cingulate bundle and returns to the hippo-
campus to complete the circuit (Shah, Jhawar, & Goel, 2012;
Weininger et al., 2019). The anterior thalamus has been suggested to
relate to multiple cognitive processing tasks such as memory, execu-
tive function and spatial navigation (Jankowski et al., 2013; Ketz,




Volume corrected for ICV, ratio (103) Stats













Mean (SD) Mean (SD) Mean (SD) Mean (SD) puncorr puncorr puncorr puncorr
R-PuL 10.82 (1.64) 11.06 (1.92) 10.79 (1.65) 11.71 (2.44) 0.63 .99 .23 .32
R-CL 1.92 (0.43) 1.65 (0.44) 1.57 (0.40) 1.85 (0.49) 0.02a .01a .92 .20
R-VLp 50.65 (4.87) 48.84 (5.95) 47.51 (3.71) 52.03 (8.88) 0.10 .01a .82 .14
R-Pc 0.24 (0.03) 0.23 (0.03) 0.23 (0.03) 0.24 (0.03) 0.47 .40 1.00 .83
R-Pt 0.41 (0.04) 0.39 (0.06) 0.38 (0.05) 0.42 (0.07) 0.21 .04a .48 .10
R-AV 8.05 (1.25) 7.15 (1.23) 6.85 (0.90) 7.87 (1.62) 0.004a .0004b .80 .09
R-LP 6.65 (1.41) 5.95 (1.66) 5.64 (1.44) 6.71 (1.98) 0.06 .02a .82 .29
L-LD 1.49 (0.59) 1.18 (0.62) 1.11 (0.64) 1.33 (0.57) 0.02a .02a .48 .76
R-LD 1.32 (0.49) 1.07 (0.61) 0.99 (0.63) 1.26 (0.57) 0.09 .05a .88 .49
L-Thal 421.71 (34.55) 418.40 (54.83) 404.41 (32.66) 451.95 (80.78) 0.64 .07 .19 .07
R-Thal 412.41 (32.40) 405.57 (51.36) 393.09 (31.03) 435.54 (76.15) 0.39 .03a .31 .08
Abbreviations: L, left side; R, right side; Thal, thalamus.
aUncorrected significance.
bFDR corrected significance (pFDR < .05).
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domains where patients with IGE are often impaired (Abarrategui,
Parejo-Carbonell, García García, Di Capua, & García-Morales, 2018;
Kim & Ko, 2016; Loughman, Bowden, & D'Souza, 2014; Ratcliffe
et al., 2020). Localised anterior thalamic structural alterations may
relate to recent work documenting limbic changes in IGE, including
hippocampal anatomy, function and metabolism (Caciagli et al., 2019;
Lin et al., 2013; Ristic et al., 2011), cingulate diffusion and metabolic
changes (Focke et al., 2014; Simani et al., 2020; Sinha et al., 2019;
Slinger, Sinke, Braun, & Otte, 2016) and diffusion value alterations of
the fornix (Sinha et al., 2019). Our result also fit with those of EEG-
fMRI studies that have demonstrated an association between the
anterior thalamic nucleus and generalised SWDs in patients with IGE
(Tyvaert et al., 2009). Given the limbic pathways impacted, anterior
thalamus deep brain stimulation (DBS) could be considered an attrac-
tive target to modulate limbic seizure networks in addition to the
modulation of overall thalamocortical excitability (Laxpati, Kasoff, &
Gross, 2014). Anterior thalamus DBS is principally used to treat
refractory focal epilepsy (Bouwens van der Vlis et al., 2019; Fisher
et al., 2010) based on the known limbic involvement in these patients.
Despite that, the CM thalamic nucleus is the typical DBS target for
refractory IGE (see below), anterior thalamic DBS has been performed
in some patients with primary generalised epilepsy (Kim et al., 2017;
Krishna et al., 2016; Park et al., 2019). However, it is not clear
whether the stimulation of anterior nuclei has any benefit for patients
with refractory primary generalised seizures. One study indicated no
seizure outcome improvements when stimulating the anterior tha-
lamic and centromedian thalamic nuclei in patients with generalised
epilepsy (Alcala-Zermeno et al., 2021).
Bihemispheric thalamocortical alterations seeded from the ventral
lateral nuclei were prominent findings in the present study. We
observed significantly increased functional connectivity between
these nuclei and cortex in all patients compared to controls (anterior),
refractory patient's relative to controls (anterior), and refractory
patients relative to non-refractory patients (anterior and posterior).
F IGURE 4 Significant differences in thalamocortical functional connectivity between groups. Boxplots of mean Fischer transformed
correlation coefficients illustrate correlation (positive) and anti-correlation (negative) relationship of individual thalamocortical functional
connectivity. (a) Functional connectivity alteration with thalamic seeds in patients with IGE relative to controls. Cluster colour indicates the
direction of contrast (red: control > IGE; blue: IGE > control); (b) Functional connectivity alteration with thalamic seeds in patients with non-
refractory IGE relative to controls. Cluster colour indicates the direction of contrast (red: Control > nonREF-IGE; blue: nonREF-IGE > Control);
(c) Functional connectivity alteration with thalamic seeds in patients with refractory IGE relative to controls. Cluster colour indicates the direction
of contrast (red: control > REF-IGE; blue: REF-IGE > Control); (d) Functional connectivity difference between patients with non-refractory IGE
and patients with non-refractory IGE. Cluster colour indicates the direction of contrast (red: nonREF-IGE > REF-IGE; blue: REF-IGE > nonREF-
IGE). AC, anterior cingulate gyrus; Cereb, cerebellum; FP, frontal pole; FusG, fusiform gyrus; L, left; MedFC, frontal medial cortex; MidFG, middle
frontal gyrus; PaCiG, paracingulate gyrus; PO, parietal operculum cortex; PreCG, precentral gyrus; R, right; SMA, supplementary motor area; SMG,
supramarginal gyrus; sLOG, lateral occipital gyrus (superior part); SPL, superior parietal lobule; TOccp, temporooccip
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Collectively this suggests functional hyperconnectivity between ven-
tral lateral nuclei and cortex in patients with refractory generalised
seizures. The VLa nucleus receives pallidal afferents and the VLp
nucleus receives cerebellar afferents, and projects to the supplemen-
tary motor area, premotor cortex and primary motor cortex (Mai &
Majtanik, 2019). Hyperconnectivity was observed between these
nuclei and primary motor and frontal lobe regions (in addition to supe-
rior occipital regions), which is consistent with the known pathophysi-
ology of generalised seizures and hyperactivation and
hyperconnectivity during cognitive processing in IGE (Caciagli
et al., 2020; Vollmar et al., 2011). Key to our findings is that increased
functional connectivity between ventral lateral nuclei and cortex could
represent an imaging marker that can help discriminate between
refractory and non-refractory given that such hyperconnectivity was
observed in patients with refractory IGE compared to non-refractory
IGE. However, whether this represents a mechanistic marker of
pharmacoresistance or is an epiphenomenon of a clinical difference
between patient groups (e.g., prevalence of GTCS) remains to be elu-
cidated. To our knowledge, this is the first demonstration of func-
tional nuclei-cortical connectivity differences between patients with
refractory and non-refractory IGE. Similar to our structural findings,
that these findings were bihemispheric is in keeping with the general-
ised nature of the disorder.
Both patients with refractory IGE and patients with non-refractory
IGE showed decreased functional connectivity between the right CM
nucleus and areas of the medial frontal cortex relative to controls. On
the basis that the CM-parafascicular complex contributes to
neuromodulation within a basal ganglia and motor network
(Mclardy, 1948; Sadikot & Rymar, 2009), the CM nucleus is the DBS
target for refractory primary generalised seizures (Valentín et al., 2013;
Zangiabadi et al., 2019). CM DBS yields over 50% reduction in seizure
frequency across various types of epilepsy and patients with medically
refractory generalised epilepsy manifesting primary tonic–clonic or
absence seizures benefiting the most (Alcala-Zermeno et al., 2021;
Cukiert et al., 2009; Ilyas, Pizarro, Romeo, Riley, & Pati, 2019; Klinger &
Mittal, 2018; Son et al., 2016; Valentín et al., 2013; Velasco
et al., 2007; Velasco, Velasco, Jimenez, Velasco, & Marquez, 2002). Our
results are in accordance with the rationale for CM DBS as we
observed disrupted functional connectivity between the CM nucleus
and supplementary motor area in patients with refractory IGE. We did
not, however, hypothesise unilateral CM abnormalities given the bilat-
eral electrophysiological nature of IGE. To our knowledge, this is the
first demonstration of CM functional connectivity alterations in IGE,
which is reassuring, although the unilateral nature of these results was
surprising. There is an increasing imaging (Li et al., 2017; Liu
et al., 2017; Wang et al., 2011; Zhu et al., 2016) and
TABLE 5 Significant differences in functional thalamocortical connectivity between groups, based on seed-to-voxel analysis
Contrast Seeds
MNI coordinate (mm)
k jTj pFDR ClusterX Y Z
Control > IGE L-VLa 20 70 -4 106 4.74 .038 Right frontal pole
L-LGN -4 24 44 359 6.31 .00013 Left paracingulate gyrus
R-LGN 54 22 24 137 5.32 .044 Left supramarginal gyrus
Control < IGE L-VLa 44 12 54 357 5.31 .00011 Right precentral gyrus
2 42 18 103 4.17 .038 Frontal medial cortex
Control > REF-IGE R-VLa 26 40 16 230 6.27 .003 Right fusiform gyrus; right cerebellum
L-LGN 40 44 58 367 5.7 .0001 Left superior parietal lobule
6 14 26 215 6.45 .0025 Paracingulate gyrus
38 2 60 127 5.05 .025 Right middle frontal gyrus
R CM 8 14 58 114 5.03 .039 Supplementary motor area
10 8 44 106 5.15 .039 Anterior cingulate gyrus
Control < REF-IGE L-VLa 46 12 54 270 5.24 .00068 Right precentral gyrus
Control > nonREF-IGE R-CM 4 48 18 408 7.98 .00002 Right frontal medial cortex
Control < nonREF-IGE L-MD 46 56 14 248 6.72 .0024 Right temporooccipital region
REF-IGE > nonREF-IGE R-VLa 12 70 44 108 5.19 .033 Left lateral occipital gyrus, superior part
L-VLp 32 32 56 349 6.17 .000014 Right middle frontal gyrus
R-VLp 18 68 56 271 6.02 .00021 Right lateral occipital gyrus, superior part
12 70 46 159 5.02 .0035 Left lateral occipital gyrus, superior part
20 54 56 116 4.91 .011 Left superior parietal lobule
R-CM 12 42 20 100 5.85 .026 Right paracingulate gyrus
REF-IGE < nonREF-IGE R-CM 58 22 18 128 5.35 .015 Right parietal operculum cortex
Note: k, number of contiguous voxels; Group statistics were presented with absolute T-score (jTj) and cluster-size false discovery rate corrected p-
value (pFDR).
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electrophysiological (Fernandez-Baca Vaca & Park, 2020) literature
reporting unilateral abnormalities in IGE; whether the same is true for
the CM requires further studies to support our findings. Moreover,
given that, CM connectivity differences were observed between
patient groups, and that this region is an effective DBS target for
refractory IGE, we suggest that connectivity profiles of this area may
additionally have utility as imaging markers of pharmacoresistance.
Whereas CM findings may have been expected, we also unexpectedly
observed significantly decreased functional connectivity between the
left and right LGN and fronto-parietal cortical regions. The LGN part of
the visual pathway (Saalmann & Kastner, 2011; Yuan et al., 2016) and
we are not aware of previous work reporting the significance of these
nuclei in the generation or modulation of primary generalised seizures.
Interconnectivity with the thalamic reticular nucleus may provide
insights (Uhlrich, Manning, & Feig, 2003); the thalamic reticular nucleus
has been suggested to be involved in generalised SWDs in absence sei-
zures (Huguenard, 2019). A recent study has also proposed that
increasing neuronal firing in the thalamic reticular nucleus may enhance
the inhibitory activity of the dorsal LGN (Campbell, Govindaiah,
Masterson, Bickford, & Guido, 2020).
4.2 | Methodological considerations
The patient cohort included different subtypes of IGE. Previous stud-
ies have suggested that thalamic alterations may be exhibited differ-
ently in IGE with different underlying seizure conditions (Betting
et al., 2006). We were unable to analyse individual IGE subtypes in
this study given the overall sample size; future work should try to
replicate our findings separately in patients with refractory and non-
refractory absence epilepsy, juvenile myoclonic epilepsy, and epi-
lepsy with primary generalised tonic–clonic seizures alone. Our pri-
mary goal was to prospectively recruit patients according to whether
they had refractory or non-refractory IGE; it is challenging to recruit
patients with non-refractory IGE in particular given that these
patients are frequently not in a tertiary care service. Recruiting
patients with refractory IGE is less challenging and all our refractory
patients were under care at the Walton Centre NHS Foundation
Trust at the time of investigation. This accounts for the fewer num-
ber of non-refractory patients recruited. Although we recommend
that our findings are replicated in larger groups of patients with non-
refractory IGE, we remain confident of our findings, as our statistical
approaches were robust. Furthermore, the refractory IGE group had
a higher number of patients with GTCS compared to patients with
non-refractory IGE. Previous work has demonstrated that patients
with GTCS are more likely to be medically refractory compared to
patients without GTCS (Janmohamed, Brodie, & Kwan, 2020). There-
fore, refractoriness may be more closely associated with the seizure
disorder and the imaging differences merely an epiphenomenon of
the seizure disorder, not necessarily refractoriness. Future work
should strive to recruit equal numbers of patients with refractory
and non-refractory IGE and a balanced representation of patients
with GTCS.
It is plausible to assume that administration of different ASMs
have differential effects on thalamocortical functional connectivity in
patients. Previous studies suggested the chronic use of topiramate
and carbamazepine—less common ASMs in our cohort—may have
effects on BOLD signal measures and negatively impact on cognition
in patients with focal epilepsy, although valproic acid, lamotrigine or
levetiracetam were unlikely to yields significant effects (Haneef,
Levin, & Chiang, 2015; van Veenendaal et al., 2015, 2017). Although
there is limited evidence indicating that typically prescribed ASMs
used for primary generalised epilepsy affect resting-state fMRI net-
works in patients with IGE, it would be prudent to design a study that
systematically examines whether this is the case.
Although the probabilistic method of thalamic nuclei segmenta-
tion used in the present study corresponds well to a histological atlas
of the thalamus (Iglesias et al., 2018), the approach does not delineate
nuclear subfields and is inherently constrained by the limited spatial
resolution and contrast of T1w MRI. Optimising sequences to improve
tissue contrast (Iglesias et al., 2018; Lee, Seo, & Park, 2020; Su
et al., 2019) and high-field delineation of thalamic regions (Kanowski
et al., 2014; Liu, D'Haese, Newton, & Dawant, 2020; Plantinga
et al., 2014) may increase the reliability of segmentations. The accu-
racy of nuclei segmentations and limited spatial resolution may also
impact rs-fMRI connectivity; the time series from adjacent nuclear
regions may impinge on some of the observed thalamocortical func-
tional correlations. Furthermore, we have suggested that regional tha-
lamic structural and functional alterations shown in our study may be
relevant for cognitive impairments previously observed in patients
with IGE. However, we urge caution with this interpretation given
that we did not collect cognitive data on our participants and there-
fore we were unable to investigate this potential correlation directly.
Finally, it is important to be mindful that interictal epileptiform dis-
charges may impact on regional glucose metabolism, rs-fMRI data and
resultant functional networks in patients with IGE (Aghakhani
et al., 2015; Cheng, Yan, Xu, Zhou, & Chen, 2020; Dahal et al., 2019;
Gotman et al., 2005; Kim, Im, Kim, Lee, & Kang, 2005; Lv, Wang, Cui,
Ma, & Meng, 2013). We did not perform simultaneous EEG-fMRI to
control for interictal epileptiform discharges in this study and this will
be an important for future resting-state functional network studies in
IGE. Moreover, our study would also have been strengthened by the
inclusion of ambulatory EEG or video EEG data. Ambulatory EEG data
is not routinely collected in patients with IGE in the United Kingdom.
Finally, given that, the LGN is one of the smallest nuclei, our method
of probabilistic segmentation may have overestimated the LGN region
of interest and functional correlations may have been confounded by
adjacent nuclei. Further work is needed to determine whether func-
tional connectivity alterations of the LGN are due to the disorder or
methodological confounds.
5 | CONCLUSION
Atrophy of the anterior thalamic nuclei and resting-state functional
hyperconnectivity between ventral lateral nuclei and cerebral cortex
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may be imaging markers that help discriminate between refractory
and non-refractory patients with IGE. These structural and functional
abnormalities fit well with the known importance of thalamocortical
systems in the generation and maintenance of primary generalised
seizures, and the increasing recognition of the importance of limbic
pathways in IGE.
ACKNOWLEDGMENTS
This work was supported by an ERUK project grant (grant number
1085) and UK Medical Research Council grants (grant numbers
MR/S00355X/1 and MR/K023152/1) awarded to SSK. Open access
funding enabled and organized by Projekt DEAL.
CONFLICT OF INTEREST
None of the authors has any conflict of interest to disclose.
DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on
request from the corresponding author. The original data are not pub-
licly available due to ethical restrictions.
ORCID
Simon S. Keller https://orcid.org/0000-0001-5247-9795
REFERENCES
Abarrategui, B., Parejo-Carbonell, B., García García, M. E., Di Capua, D., &
García-Morales, I. (2018). The cognitive phenotype of idiopathic gen-
eralized epilepsy. Epilepsy and Behavior, 89, 99–104. https://doi.org/
10.1016/j.yebeh.2018.10.007
Aghakhani, Y., Beers, C. A., Pittman, D. J., Gaxiola-Valdez, I.,
Goodyear, B. G., & Federico, P. (2015). Co-localization between the
BOLD response and epileptiform discharges recorded by simultaneous
intracranial EEG-fMRI at 3 T. NeuroImage: Clinical, 7, 755–763.
https://doi.org/10.1016/j.nicl.2015.03.002
Alcala-Zermeno, J. L., Gregg, N. M., Wirrell, E. C., Stead, M., Worrell, G. A.,
Van Gompel, J. J., & Lundstrom, B. N. (2021). Centromedian thalamic
nucleus with or without anterior thalamic nucleus deep brain stimula-
tion for epilepsy in children and adults: A retrospective case series. Sei-
zure, 84(November 2020), 101–107. https://doi.org/10.1016/j.sei
zure.2020.11.012
Alexopoulos, A. V. (2013). Pharmacoresistant epilepsy: Definition and
explanation. Epileptology, 1(1), 38–42. https://doi.org/10.1016/j.
epilep.2013.01.001
Alonazi, B. K., Keller, S. S., Fallon, N., Adams, V., Das, K., Marson, A. G., &
Sluming, V. (2019). Resting-state functional brain networks in adults
with a new diagnosis of focal epilepsy. Brain and Behavior, 9(1), 1–13.
https://doi.org/10.1002/brb3.1168
Avoli, M., Gloor, P., Kostopoulos, G., & Gotman, J. (1983). An analysis of
penicillin-induced generalized spike and wave discharges using simul-
taneous recordings of cortical and thalamic single neurons. Journal of
Neurophysiology, 50(4), 819–837. https://doi.org/10.1152/jn.1983.50.
4.819
Avoli, M. (2012). A brief history on the oscillating roles of thalamus and
cortex in absence seizures. Epilepsia, 53(5), 779–789. https://doi.org/
10.1111/j.1528-1167.2012.03421.x
Bal, T., von Krosigk, M., & McCormick, D. A. (1995). Synaptic and mem-
brane mechanisms underlying synchronized oscillations in the ferret
lateral geniculate nucleus in vitro. The Journal of Physiology, 483(3),
641–663. https://doi.org/10.1113/jphysiol.1995.sp020612
Behr, C., Goltzene, M. A., Kosmalski, G., Hirsch, E., & Ryvlin, P. (2016). Epi-
demiology of epilepsy. Revue Neurologique, 172(1), 27–36. https://doi.
org/10.1016/j.neurol.2015.11.003
Behzadi, Y., Restom, K., Liau, J., & Liu, T. T. (2007). A component based
noise correction method (CompCor) for BOLD and perfusion
based fMRI. NeuroImage, 37(1), 90–101. https://doi.org/10.1016/j.
neuroimage.2007.04.042
Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate:
A practical and powerful approach to multiple testing. Journal of the
Royal Statistical Society: Series B (Methodological), 57(1), 289–300.
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
Betting, L. E., Li, L. M., Lopes-Cendes, I., Guerreiro, M. M.,
Guerreiro, C. A. M., & Cendes, F. (2010). Correlation between quanti-
tative EEG and MRI in idiopathic generalized epilepsy. Human Brain
Mapping, 31(9), 1327–1338. https://doi.org/10.1002/hbm.20944
Betting, L. E., Mory, S. B., Lopes-Cendes, Í., Li, L. M., Guerreiro, M. M.,
Guerreiro, C. A. M., & Cendes, F. (2006). MRI volumetry shows
increased anterior thalamic volumes in patients with absence seizures.
Epilepsy and Behavior, 8(3), 575–580. https://doi.org/10.1016/j.yebeh.
2006.02.002
Bin, G., Wang, T., Zeng, H., He, X., Li, F., Zhang, J., & Huang, B. (2017). Pat-
terns of gray matter abnormalities in idiopathic generalized epilepsy: A
meta-analysis of voxel-based morphology studies. PLoS One, 12(1),
169076. https://doi.org/10.1371/journal.pone.0169076
Bocchetta, M., Iglesias, J. E., Neason, M., Cash, D. M., Warren, J. D., &
Rohrer, J. D. (2020). Thalamic nuclei in frontotemporal dementia:
Mediodorsal nucleus involvement is universal but pulvinar atrophy is
unique to C9orf72. Human Brain Mapping, 41(4), 1006–1016. https://
doi.org/10.1002/hbm.24856
Boss, N., Abela, E., Weisstanner, C., Schindler, K., & Wiest, R. (2019). Local
thalamic atrophy associates with large-scale functional connectivity
alterations of fronto-parietal cortices in genetic generalized epilepsies.
Clinical and Translational Neuroscience, 3(1), 1–7. https://doi.org/10.
1177/2514183x19850325
Boubela, R. N., Kalcher, K., Huf, W., Kronnerwetter, C., Filzmoser, P., &
Moser, E. (2013). Beyond noise: Using temporal ICA to extract mean-
ingful information from high-frequency fMRI signal fluctuations during
rest. Frontiers in Human Neuroscience, 7(APR 2013), 1–12. https://doi.
org/10.3389/fnhum.2013.00168
Bouwens van der Vlis, T. A. M., Schijns, O. E. M. G., Schaper, F. L. W. V. J.,
Hoogland, G., Kubben, P., Wagner, L., … Ackermans, L. (2019). Deep
brain stimulation of the anterior nucleus of the thalamus for drug-
resistant epilepsy. Neurosurgical Review, 42, 287–296. https://doi.org/
10.1007/s10143-017-0941-x
Buckner, R. L., Head, D., Parker, J., Fotenos, A. F., Marcus, D.,
Morris, J. C., & Snyder, A. Z. (2004). A unified approach for morpho-
metric and functional data analysis in young, old, and demented adults
using automated atlas-based head size normalization: Reliability and
validation against manual measurement of total intracranial volume.
Neuroimage, 23, 724–738. https://doi.org/10.1016/j.neuroimage.
2004.06.018
Caciagli, L., Wandschneider, B., Centeno, M., Vollmar, C., Vos, S. B.,
Trimmel, K., … Koepp, M. J. (2020). Motor hyperactivation during cog-
nitive tasks: An endophenotype of juvenile myoclonic epilepsy.
Epilepsia, 61(7), 1438–1452. https://doi.org/10.1111/epi.16575
Caciagli, L., Wandschneider, B., Xiao, F., Vollmar, C., Centeno, M.,
Vos, S. B., … Koepp, M. J. (2019). Abnormal hippocampal structure
and function in juvenile myoclonic epilepsy and unaffected sib-
lings. Brain, 142(9), 2670–2687. https://doi.org/10.1093/brain/
awz215
Campbell, P. W., Govindaiah, G., Masterson, S. P., Bickford, M. E., &
Guido, W. (2020). Synaptic properties of the feedback connections
from the thalamic reticular nucleus to the dorsal lateral geniculate
nucleus. Journal of Neurophysiology, 124(2), 404–417. https://doi.org/
10.1152/jn.00757.2019
CHEN ET AL. 13
Centeno, M., & Carmichael, D. W. (2014). Network connectivity in epi-
lepsy: Resting state fMRI and EEG-fMRI contributions. Frontiers in
Neurology, 5(July), 1–19. https://doi.org/10.3389/fneur.2014.00093
Cheng, D., Yan, X., Xu, K., Zhou, X., & Chen, Q. (2020). The effect of inter-
ictal epileptiform discharges on cognitive and academic performance
in children with idiopathic epilepsy. BMC Neurology, 20(1), 1–7.
https://doi.org/10.1186/s12883-020-01807-z
Chumbley, J., Worsley, K., Flandin, G., & Friston, K. (2010). Topological
FDR for neuroimaging. NeuroImage, 49(4), 3057–3064. https://doi.
org/10.1016/j.neuroimage.2009.10.090
Ciumas, C., & Savic, I. (2006). Structural changes in patients with primary
generalized tonic and clonic seizures. Neurology, 67(4), 683–686.
https://doi.org/10.1212/01.wnl.0000230171.23913.cf
Cukiert, A., Burattini, J. A., Cukiert, C. M., Argentoni-Baldochi, M., Baise-
Zung, C., Forster, C. R., & Mello, V. A. (2009). Centro-median stimula-
tion yields additional seizure frequency and attention improvement in
patients previously submitted to callosotomy. Seizure, 18(8), 588–592.
https://doi.org/10.1016/j.seizure.2009.06.002
Dahal, P., Ghani, N., Flinker, A., Dugan, P., Friedman, D., Doyle, W., …
Gelinas, J. N. (2019). Interictal epileptiform discharges shape large-
scale intercortical communication. Brain, 142(11), 3502–3513. https://
doi.org/10.1093/brain/awz269
Davey, C. E., Grayden, D. B., Egan, G. F., & Johnston, L. A. (2013). Filtering
induces correlation in fMRI resting state data. NeuroImage, 64(1), 728–
740. https://doi.org/10.1016/j.neuroimage.2012.08.022
Di Wang, G., Dai, Z. Y., Song, W. G., Wang, S. F., Shi, H. C., Pan, P. L., …
Zhong, J. G. (2016). Grey matter anomalies in drug-naïve childhood
absence epilepsy: A voxel-based morphometry study with MRI at 3.0
T. Epilepsy Research, 124, 63–66. https://doi.org/10.1016/j.
eplepsyres.2016.05.003
Du, H., Zhang, Y., Xie, B., Wu, N., Wu, G., Wang, J., … Feng, H. (2011).
Regional atrophy of the basal ganglia and thalamus in idiopathic gener-
alized epilepsy. Journal of Magnetic Resonance Imaging, 33, 817–821.
https://doi.org/10.1002/jmri.22416
Fallon, N., Chiu, Y., Nurmikko, T., & Stancak, A. (2016). Functional connec-
tivity with the default mode network is altered in fibromyalgia
patients. PLoS One, 11(7), 1–12. https://doi.org/10.1371/journal.pone.
0159198
Faught, E. (2004). Treatment of refractory primary generalized epilepsy.
Reviews in Neurological Diseases, 1(Suppl 1) (Figure 1), S34–S43.
Fernandez-Baca Vaca, G., & Park, J. T. (2020). Focal EEG abnormalities
and focal ictal semiology in generalized epilepsy. Seizure, 77, 7–14.
https://doi.org/10.1016/j.seizure.2019.12.013
Fischl, B. (2012). FreeSurfer. NeuroImage, 62(2), 774–781. https://doi.org/
10.1016/j.neuroimage.2012.01.021
Fisher, R., Salanova, V., Witt, T., Worth, R., Henry, T., Gross, R., …
Graves, N. (2010). Electrical stimulation of the anterior nucleus of thal-
amus for treatment of refractory epilepsy. Epilepsia, 51(5), 899–908.
https://doi.org/10.1111/j.1528-1167.2010.02536.x
Fisher, R. S., Cross, J. H., D'Souza, C., French, J. A., Haut, S. R.,
Higurashi, N., … Zuberi, S. M. (2017). Instruction manual for the ILAE
2017 operational classification of seizure types. Epilepsia, 58(4), 531–
542. https://doi.org/10.1111/epi.13671
Focke, N. K., Diederich, C., Helms, G., Nitsche, M. A., Lerche, H., &
Paulus, W. (2014). Idiopathic-generalized epilepsy shows profound
white matter diffusion-tensor imaging alterations. Human Brain Map-
ping, 35(7), 3332–3342. https://doi.org/10.1002/hbm.22405
Fox, M. D., & Raichle, M. E. (2007). Spontaneous fluctuations in brain
activity observed with functional magnetic resonance imaging. Nature
Reviews Neuroscience, 8(9), 700–711. https://doi.org/10.1038/
nrn2201
Gloor, P. (1968). Generalized Cortico-reticular epilepsies some consider-
ations on the pathophysiology of generalized bilaterally synchronous
spike and wave discharge. Epilepsia, 9(3), 249–263. https://doi.org/10.
1111/j.1528-1157.1968.tb04624.x
Gotman, J., Grova, C., Bagshaw, A., Kobayashi, E., Aghakhani, Y., &
Dubeau, F. (2005). Generalized epileptic discharges show thalamocortical
activation and suspension of the default state of the brain (Vol. 102).
Retrieved from www.pnas.orgcgidoi10.1073pnas.0504935102
Haneef, Z., Levin, H. S., & Chiang, S. (2015). Brain graph topology changes
associated with anti-epileptic drug use. Brain Connectivity, 5(5), 284–
291. https://doi.org/10.1089/brain.2014.0304
Hosford, D., Clark, S., Cao, Z., Wilson, W., Lin, F., Morrisett, R., & Huin, A.
(1992). The role of GABAB receptor activation in absence seizures of
lethargic (lh/lh) mice. Science, 257(5068), 398–401. https://doi.org/10.
1126/science.1321503
Hosford, D. A., Lin, F. H., Kraemer, D. L., Cao, Z., Wang, Y., & Wilson, J. T.
(1995). Neural network of structures in which GABA(B) receptors reg-
ulate absence seizures in the lethargic (lh/lh) mouse model. Journal of
Neuroscience, 15(11), 7367–7376. https://doi.org/10.1523/jneurosci.
15-11-07367.1995
Hougaard, A., Nielsen, S. H., Gaist, D., Puonti, O., Garde, E., Reislev, N. L.,
… Ashina, M. (2020). Migraine with aura in women is not associated
with structural thalamic abnormalities. NeuroImage: Clinical, 28(March),
102361. https://doi.org/10.1016/j.nicl.2020.102361
Huguenard, J. (2019). Current controversy: Spikes, bursts, and synchrony
in generalized absence epilepsy: Unresolved questions regarding
Thalamocortical synchrony in absence epilepsy. Epilepsy Currents,
19(2), 105–111. https://doi.org/10.1177/1535759719835355
Huguenard, J. R., & Prince, D. A. (1994). Intrathalamic rhythmicity studied
in vitro: Nominal T-current modulation causes robust antioscillatory
effects. Journal of Neuroscience, 14(9), 5485–5502. https://doi.org/10.
1523/jneurosci.14-09-05485.1994
Iglesias, J. E., Insausti, R., Lerma-Usabiaga, G., Bocchetta, M., Van
Leemput, K., Greve, D. N., … Paz-Alonso, P. M. (2018). A probabilistic
atlas of the human thalamic nuclei combining ex vivo MRI and histol-
ogy. NeuroImage, 183, 314–326. https://doi.org/10.1016/j.
neuroimage.2018.08.012
Ilyas, A., Pizarro, D., Romeo, A. K., Riley, K. O., & Pati, S. (2019). The cen-
tromedian nucleus: Anatomy, physiology, and clinical implications.
Journal of Clinical Neuroscience, 63, 1–7. https://doi.org/10.1016/j.
jocn.2019.01.050
Inoue, M., Duysens, J., Vossen, J. M. H., & Coenen, A. M. L. (1993). Tha-
lamic multiple-unit activity underlying spike-wave discharges in anes-
thetized rats. Brain Research, 612(1–2), 35–40. https://doi.org/10.
1016/0006-8993(93)91641-5
Jallon, P., & Latour, P. (2005). Epidemiology of idiopathic generalized epi-
lepsies. Epilepsia, 46(s9), 10–14. https://doi.org/10.1111/j.1528-1167.
2005.00309.x
Jankowski, M. M., Ronnqvist, K. C., Tsanov, M., Vann, S. D., Wright, N. F.,
Erichsen, J. T., … O'Mara, S. M. (2013). The anterior thalamus provides
a subcortical circuit supporting memory and spatial navigation. Fron-
tiers in Systems Neuroscience, 7(August), 1–12. https://doi.org/10.
3389/fnsys.2013.00045
Janmohamed, M., Brodie, M. J., & Kwan, P. (2020). Pharmacoresistance –
Epidemiology, mechanisms, and impact on epilepsy treatment. Neuro-
pharmacology, 168(May 2019), 107790. https://doi.org/10.1016/j.
neuropharm.2019.107790
Ji, G.-J., Zhang, Z., Xu, Q., Wang, Z., Wang, J., Jiao, Q., … Lu, G.
(2015). Identifying Corticothalamic network epicenters in patients
with idiopathic generalized epilepsy. AJNR. American Journal of
Neuroradiology, 36(8), 1494–1500. https://doi.org/10.3174/ajnr.
A4308
Jiang, S., Luo, C., Gong, J., Peng, R., Ma, S., Tan, S., … Yao, D. (2018). Aber-
rant Thalamocortical connectivity in juvenile myoclonic epilepsy. Inter-
national Journal of Neural Systems, 28. https://doi.org/10.1142/
S0129065717500344
Johnstone, T., Ores Walsh, K. S., Greischar, L. L., Alexander, A. L.,
Fox, A. S., Davidson, R. J., & Oakes, T. R. (2006). Motion correction
and the use of motion covariates in multiple-subject fMRI analysis.
14 CHEN ET AL.
Human Brain Mapping, 27(10), 779–788. https://doi.org/10.1002/
hbm.20219
Kanowski, M., Voges, J., Buentjen, L., Stadler, J., Heinze, H. J., &
Tempelmann, C. (2014). Direct visualization of anatomic subfields
within the superior aspect of the human lateral thalamus by MRI at
7T. American Journal of Neuroradiology, 35(9), 1721–1727. https://doi.
org/10.3174/ajnr.A3951
Kato, K., Urino, T., Hori, T., Tsuda, H., Yoshida, K., Hashizume, K., &
Tanaka, T. (2008). Experimental petit mal-like seizure induced by
microinjection of kainic acid into the unilateral mediodorsal nucleus of
the thalamus. Neurologia Medico-Chirurgica, 48(7), 285–290; discussion
290-1. https://doi.org/10.2176/nmc.48.285
Ketz, N. A., Jensen, O., & O'Reilly, R. C. (2015). Thalamic pathways under-
lying prefrontal cortex-medial temporal lobe oscillatory interactions.
Trends in Neurosciences, 38(1), 3–12. https://doi.org/10.1016/j.tins.
2014.09.007
Kim, E. H., & Ko, T. S. (2016). Cognitive impairment in childhood onset epi-
lepsy: Up-to-date information about its causes. Korean Journal of Pedi-
atrics, 59(4), 155–164.
Kim, J. B., Suh, S., Seo, W.-K., Oh, K., Koh, S.-B., & Kim, J. H. (2014).
Altered thalamocortical functional connectivity in idiopathic general-
ized epilepsy. Epilepsia, 55(4), 592–600. https://doi.org/10.1111/epi.
12580
Kim, J. H., Im, K. C., Kim, J. S., Lee, S. A., & Kang, J. K. (2005). Correlation
of interictal spike-wave with thalamic glucose metabolism in juvenile
myoclonic epilepsy. Neuroreport, 16(11), 1151–1155. https://doi.org/
10.1097/00001756-200508010-00004
Kim, J. H., Kim, J. B., Seo, W.-K., Suh, S., & Koh, S.-B. (2013). Volumetric
and shape analysis of thalamus in idiopathic generalized epilepsy. Jour-
nal of Neurology, 260(7), 1846–1854. https://doi.org/10.1007/
s00415-013-6891-5
Kim, J. H., Kim, J. B., Suh, S., & Kim, D. W. (2018). Subcortical grey matter
changes in juvenile myoclonic epilepsy. NeuroImage: Clinical, 17, 397–
404. https://doi.org/10.1016/J.NICL.2017.11.001
Kim, S. H., Lim, S. C., Kim, J., Son, B. C., Lee, K. J., & Shon, Y. M. (2017).
Long-term follow-up of anterior thalamic deep brain stimulation in epi-
lepsy: A 11-year, single center experience. Seizure, 52, 154–161.
https://doi.org/10.1016/j.seizure.2017.10.009
Klamer, S., Ethofer, T., Torner, F., Sahib, A. K., Elshahabi, A.,
Marquetand, J., … Focke, N. K. (2018). Unravelling the brain networks
driving spike-wave discharges in genetic generalized epilepsy—
Common patterns and individual differences. Epilepsia Open, 3(4),
485–494. https://doi.org/10.1002/epi4.12252
Klinger, N., & Mittal, S. (2018). Deep brain stimulation for seizure control
in drug-resistant epilepsy. Neurosurgical Focus, 45(2), 1–8. https://doi.
org/10.3171/2018.4.FOCUS1872
Krishna, V., King, N. K. K., Sammartino, F., Strauss, I., Andrade, D. M.,
Wennberg, R. A., & Lozano, A. M. (2016). Anterior nucleus deep brain
stimulation for refractory epilepsy: Insights into patterns of seizure
control and efficacious target. Neurosurgery, 78(6), 802–811. https://
doi.org/10.1227/NEU.0000000000001197
Laxpati, N. G., Kasoff, W. S., & Gross, R. E. (2014). Deep brain stimulation
for the treatment of epilepsy: Circuits, targets, and trials. Neuro-
therapeutics, 11(3), 508–526. https://doi.org/10.1007/s13311-014-
0279-9
Lee, H., Seo, S. A., Lee, B. I., Kim, S. E., & Park, K. M. (2020). Thalamic
nuclei volumes and network in juvenile myoclonic epilepsy. Acta Neu-
rologica Scandinavica, 141(4), 271–278. https://doi.org/10.1111/ane.
13198
Lee, H.-J., Seo, S. A., & Park, K. M. (2020). Quantification of thalamic nuclei
in patients diagnosed with temporal lobe epilepsy and hippocampal
sclerosis. Neuroradiology, 62(2), 185–195. https://doi.org/10.1007/
s00234-019-02299-6
Li, Q., Chen, Y., Wei, Y., Chen, S., Ma, L., He, Z., & Chen, Z. (2017). Func-
tional network connectivity patterns between idiopathic generalized
epilepsy with myoclonic and absence seizures. Frontiers in Computa-
tional Neuroscience, 11(May), 1–9. https://doi.org/10.3389/fncom.
2017.00038
Lin, K., de Araujo Filho, G. M., Pascalicchio, T. F., Silva, I., Tudesco, I. S. S.,
Guaranha, M. S. B., … Yacubian, E. M. T. (2013). Hippocampal atrophy
and memory dysfunction in patients with juvenile myoclonic epilepsy.
Epilepsy & Behavior, 29(1), 247–251. https://doi.org/10.1016/j.yebeh.
2013.06.034
Liu, F., Wang, Y., Li, M., Wang, W., Li, R., Zhang, Z., … Chen, H. (2017).
Dynamic functional network connectivity in idiopathic generalized epi-
lepsy with generalized tonic-clonic seizure. Human Brain Mapping,
38(2), 957–973. https://doi.org/10.1002/hbm.23430
Liu, Y., D'Haese, P.-F., Newton, A. T., & Dawant, B. M. (2020). Generation
of human thalamus atlases from 7 T data and application to
intrathalamic nuclei segmentation in clinical 3 T T1-weighted images.
Magnetic Resonance Imaging, 65(September 2019), 114–128. https://
doi.org/10.1016/j.mri.2019.09.004
Liu, Z., Vergnes, M., Depaulis, A., & Marescaux, C. (1992). Involvement of
intrathalamic GABAb neurotransmission in the control of absence sei-
zures in the rat. Neuroscience, 48(1), 87–93. https://doi.org/10.1016/
0306-4522(92)90340-8
Loughman, A., Bowden, S. C., & D'Souza, W. (2014). Cognitive functioning
in idiopathic generalised epilepsies: A systematic review and meta-
analysis. Neuroscience and Biobehavioral Reviews, 43, 20–34. https://
doi.org/10.1016/j.neubiorev.2014.02.012
Lv, Y., Wang, Z., Cui, L., Ma, D., & Meng, H. (2013). Cognitive correlates of
interictal epileptiform discharges in adult patients with epilepsy in
China. Epilepsy and Behavior, 29(1), 205–210. https://doi.org/10.
1016/j.yebeh.2013.07.014
Mai, J. K., & Majtanik, M. (2019). Toward a common terminology for the
thalamus. Frontiers in Neuroanatomy, 12(January), 1–23. https://doi.
org/10.3389/fnana.2018.00114
Makris, N., Goldstein, J. M., Kennedy, D., Hodge, S. M., Caviness, V. S.,
Faraone, S. V., … Seidman, L. J. (2006). Decreased volume of left and
total anterior insular lobule in schizophrenia. Schizophrenia Research,
83(2–3), 155–171. https://doi.org/10.1016/j.schres.2005.11.020
McCormick, D. A., & Bal, T. (1997). SLEEP AND AROUSAL:
Thalamocortical mechanisms. Annual Review of Neuroscience, 20(1),
185–215. https://doi.org/10.1146/annurev.neuro.20.1.185
McCormick, D. A., & Contreras, D. (2002). On the cellular and network
bases of epileptic seizures. Annual Review of Physiology, 63(1), 815–
846. https://doi.org/10.1146/annurev.physiol.63.1.815
McGill, M. L., Devinsky, O., Kelly, C., Milham, M., Castellanos, F. X.,
Quinn, B. T., … Thesen, T. (2012). Default mode network abnormalities
in idiopathic generalized epilepsy. Epilepsy and Behavior, 23(3), 353–
359. https://doi.org/10.1016/j.yebeh.2012.01.013
Mclardy, T. (1948). Projection of the centromedian nucleus of the human
thalamus. Brain, 71(3), 290–303. https://doi.org/10.1093/brain/71.
3.290
Meeren, H., Van Luijtelaar, G., Lopes Da Silva, F., & Coenen, A. (2005).
Evolving concepts on the pathophysiology of absence seizures: The
cortical focus theory. Archives of Neurology, 62(3), 371–376. https://
doi.org/10.1001/archneur.62.3.371
Meeren, H. K. M., Pijn, J. P. M., Van Luijtelaar, E. L. J. M.,
Coenen, A. M. L., & Lopes da Silva, F. H. (2002). Cortical focus drives
widespread corticothalamic networks during spontaneous absence sei-
zures in rats. The Journal of Neuroscience, 22(4), 1480–1495. https://
doi.org/10.1523/JNEUROSCI.22-04-01480.2002
Miller, J. W., & Ferrendelli, J. A. (1990). The central medial nucleus: Tha-
lamic site of seizure regulation. Brain Research, 508(2), 297–300.
https://doi.org/10.1016/0006-8993(90)90411-4
Miller, J. W., Hall, C. M., Holland, K. D., & Ferrendelli, J. A. (1989). Identifi-
cation of a median thalamic system regulating seizures and arousal.
Epilepsia, 30(4), 493–500. https://doi.org/10.1111/j.1528-1157.1989.
tb05331.x
CHEN ET AL. 15
Mitchell, A. S., & Chakraborty, S. (2013). What does the mediodorsal thala-
mus do? Frontiers in Systems Neuroscience, 7(July), 1–19. https://doi.
org/10.3389/fnsys.2013.00037
Mory, S. B., Betting, L. E., Fernandes, P. T., Lopes-Cendes, I.,
Guerreiro, M. M., Guerreiro, C. A. M., … Li, L. M. (2011). Structural
abnormalities of the thalamus in juvenile myoclonic epilepsy. Epilepsy
and Behavior, 21(4), 407–411. https://doi.org/10.1016/j.yebeh.2011.
05.018
Natsume, J., Bernasconi, N., Andermann, F., & Bernasconi, A. (2003). MRI
volumetry of the thalamus in temporal, extratemporal, and idiopathic
generalized epilepsy. Neurology, 60(8), 1296–1300. https://doi.org/10.
1212/01.WNL.0000058764.34968.C2
Ngamsombat, C., Tian, Q., Fan, Q., Russo, A., Machado, N., Polackal, M., …
Huang, S. Y. (2020). Axonal damage in the optic radiation assessed by
white matter tract integrity metrics is associated with retinal thinning
in multiple sclerosis. NeuroImage: Clinical, 27(April), 102293. https://
doi.org/10.1016/j.nicl.2020.102293
Noback, C. R., Strominger, N. L., Demarest, R. J., & Ruggiero, D. A. (2005).
The human nervous system (6th ed.). Totowa, NJ: Humana Press.
https://doi.org/10.1007/978-1-59259-730-7
Norden, A. D., & Blumenfeld, H. (2002). The role of subcortical structures
in human epilepsy. Epilepsy and Behavior, 3(3), 219–231. https://doi.
org/10.1016/S1525-5050(02)00029-X
Nuyts, S., D'Souza, W., Bowden, S. C., & Vogrin, S. J. (2017). Structural
brain abnormalities in genetic generalized epilepsies: A systematic
review and meta-analysis. Epilepsia, 58, 2025–2037. https://doi.org/
10.1111/epi.13928
Papez, J. W. (1937). A proposed mechanism of emotion. Archives of Neurol-
ogy and Psychiatry, 38(4), 725. https://doi.org/10.1001/archneurpsyc.
1937.02260220069003
Park, H. R., Choi, S. J., Joo, E. Y., Seo, D. W., Hong, S. B., Lee, J. I., …
Shon, Y. M. (2019). The role of anterior thalamic deep brain stimula-
tion as an alternative therapy in patients with previously failed Vagus
nerve stimulation for refractory epilepsy. Stereotactic and Functional
Neurosurgery, 97(3), 176–182. https://doi.org/10.1159/000502344
Penfield, W., & Jasper, H. H. (1954). Epilepsy and the functional anatomy of
the human brain. Boston, MA: Little, Brown & Co.
Perani, S., Tierney, T. M., Centeno, M., Shamshiri, E. A., Yaakub, S. N.,
O'Muircheartaigh, J., … Richardson, M. P. (2018). Thalamic volume
reduction in drug-naive patients with new-onset genetic generalized
epilepsy. Epilepsia, 59(1), 226–234. https://doi.org/10.1111/epi.
13955
Pergola, G., Danet, L., Pitel, A. L., Carlesimo, G. A., Segobin, S., Pariente, J.,
… Barbeau, E. J. (2018). The regulatory role of the human mediodorsal
thalamus. Trends in Cognitive Sciences, 22(11), 1011–1025. https://doi.
org/10.1016/j.tics.2018.08.006
Plantinga, B. R., Temel, Y., Roebroeck, A., UludaÄŸ, K., Ivanov, D.,
Kuijf, M. L., & ter Haar Romenij, B. M. (2014). Ultra-high field magnetic
resonance imaging of the basal ganglia and related structures. Frontiers
in Human Neuroscience, 8(November), 1–22. https://doi.org/10.3389/
fnhum.2014.00876
Prince, D. A., & Farrell, D. (1969). “Centrencephalic” spike-wave dis-
charges following parenteral penicillin injection in the cat. Neurology,
19, 309–310.
Pulsipher, D. T., Seidenberg, M., Guidotti, L., Tuchscherer, V. N.,
Morton, J., Sheth, R. D., & Hermann, B. (2009). Thalamofrontal cir-
cuitry and executive dysfunction in recent-onset juvenile myoclonic
epilepsy. Epilepsia, 50(5), 1210–1219. https://doi.org/10.1111/j.1528-
1167.2008.01952.x
Ratcliffe, C., Wandschneider, B., Baxendale, S., Thompson, P.,
Koepp, M. J., & Caciagli, L. (2020). Cognitive function in genetic gener-
alized epilepsies: Insights from neuropsychology and neuroimaging.
Frontiers in Neurology, 11(March). 1–22. https://doi.org/10.3389/
fneur.2020.00144
Rikhye, R. V., Wimmer, R. D., & Halassa, M. M. (2018). Toward an integra-
tive theory of thalamic function. Annual Review of Neuroscience, 41(1),
163–183. https://doi.org/10.1146/annurev-neuro-080317-062144
Ristic, A. J., Ostojic, J., Kozic, D., Vojvodic, N. M., Popovic, L. M.,
Jankovic, S., … Sokic, D. V. (2011). Hippocampal metabolic dysfunction
in juvenile myoclonic epilepsy: 3D multivoxel spectroscopy study.
Journal of the Neurological Sciences, 305(1–2), 139–142. https://doi.
org/10.1016/j.jns.2010.12.022
Saalmann, Y. B., & Kastner, S. (2011). Cognitive and perceptual functions
of the visual thalamus. Neuron, 71(2), 209–223. https://doi.org/10.
1016/j.neuron.2011.06.027
Sadikot, A. F., & Rymar, V. V. (2009). The primate centromedian-
parafascicular complex: Anatomical organization with a note on
neuromodulation. Brain Research Bulletin, 78(2–3), 122–130. https://
doi.org/10.1016/j.brainresbull.2008.09.016
Saini, J., Sinha, S., Bagepally, B. S., Ramchandraiah, C. T., Thennarasu, K.,
Prasad, C., … Satishchandra, P. (2013). Subcortical structural abnormal-
ities in juvenile myoclonic epilepsy (JME): MR volumetry and vertex
based analysis. Seizure, 22(3), 230–235. https://doi.org/10.1016/j.
seizure.2013.01.001
Scheffer, I. E., Berkovic, S., Capovilla, G., Connolly, M. B., French, J.,
Guilhoto, L., … Zuberi, S. M. (2017). ILAE classification of the epilep-
sies: Position paper of the ILAE Commission for Classification and Ter-
minology. Epilepsia, 58(4), 512–521. https://doi.org/10.1111/epi.
13709
Seeck, M., Dreifuss, S., Lantz, G., Jallon, P., Foletti, G., Despland, P. A., …
Lazeyras, F. (2005). Subcortical nuclei volumetry in idiopathic general-
ized epilepsy. Epilepsia, 46, 1642–1645. https://doi.org/10.1111/j.
1528-1167.2005.00259.x
Seneviratne, U., Cook, M., & D'Souza, W. (2014). Focal abnormalities in idi-
opathic generalized epilepsy: A critical review of the literature.
Epilepsia, 55(8), 1157–1169. https://doi.org/10.1111/epi.12688
Shah, A., Jhawar, S. S., & Goel, A. (2012). Analysis of the anatomy of the
Papez circuit and adjoining limbic system by fiber dis-
section techniques. Journal of Clinical Neuroscience, 19(2), 289–298.
https://doi.org/10.1016/j.jocn.2011.04.039
Shin, K. J., Lee, H.-J., & Park, K. M. (2019). Alterations of individual tha-
lamic nuclei volumes in patients with migraine. The Journal of Headache
and Pain, 20(1), 112. https://doi.org/10.1186/s10194-019-1063-3
Simani, L., Raminfard, S., Asadollahi, M., Roozbeh, M., Ryan, F., &
Rostami, M. (2020). Neurochemicals of limbic system and
thalamofrontal cortical network: Are they different between patients
with idiopathic generalized epilepsy and psychogenic nonepileptic sei-
zure? Epilepsy & Behavior, 112, 107480. https://doi.org/10.1016/j.
yebeh.2020.107480
Sinha, N., Wang, Y., Dauwels, J., Kaiser, M., Thesen, T., Forsyth, R., &
Taylor, P. N. (2019). Computer modelling of connectivity change sug-
gests epileptogenesis mechanisms in idiopathic generalised epilepsy.
NeuroImage: Clinical, 21(April 2018), 101655. https://doi.org/10.
1016/j.nicl.2019.101655
Slinger, G., Sinke, M. R. T., Braun, K. P. J., & Otte, W. M. (2016). White
matter abnormalities at a regional and voxel level in focal and general-
ized epilepsy: A systematic review and meta-analysis. NeuroImage:
Clinical, 12, 902–909. https://doi.org/10.1016/j.nicl.2016.10.025
Son, B. C., Shon, Y. M., Choi, J. G., Kim, J., Ha, S. W., Kim, S. H., &
Lee, S. H. (2016). Clinical outcome of patients with deep brain stimula-
tion of the centromedian thalamic nucleus for refractory epilepsy and
location of the active contacts. Stereotactic and Functional Neurosur-
gery, 94, 187–197. https://doi.org/10.1159/000446611
Su, J. H., Thomas, F. T., Kasoff, W. S., Tourdias, T., Choi, E. Y., Rutt, B. K., &
Saranathan, M. (2019). Thalamus optimized multi atlas segmentation
(THOMAS): Fast, fully automated segmentation of thalamic nuclei
from structural MRI. NeuroImage, 194, 272–282. https://doi.org/10.
1016/j.neuroimage.2019.03.021
16 CHEN ET AL.
Tyvaert, L., Chassagnon, S., Sadikot, A., Levan, P., Dubeau, F., & Gotman, J.
(2009). Thalamic nuclei activity in idiopathic generalized epilepsy: An
EEG-fMRI study. Neurology, 73(23), 2018–2022. https://doi.org/10.
1212/WNL.0b013e3181c55d02
Uhlrich, D. J., Manning, K. A., & Feig, S. L. (2003). Laminar and cellular
targets of individual thalamic reticular nucleus axons in the lateral
geniculate nucleus in the prosimian primate Galago. Journal of Com-
parative Neurology, 458(2), 128–143. https://doi.org/10.1002/cne.
10568
Valentín, A., García Navarrete, E., Chelvarajah, R., Torres, C., Navas, M.,
Vico, L., … Alarcon, G. (2013). Deep brain stimulation of the cen-
tromedian thalamic nucleus for the treatment of generalized and fron-
tal epilepsies. Epilepsia, 54(10), 1823–1833. https://doi.org/10.1111/
epi.12352
van Veenendaal, T. M., IJff, D. M., Aldenkamp, A. P., Hofman, P. A. M.,
Vlooswijk, M. C. G., Rouhl, R. P. W., … Jansen, J. F. A. (2015). Meta-
bolic and functional MR biomarkers of antiepileptic drug effectiveness:
A review. Neuroscience and Biobehavioral Reviews, 59, 92–99. https://
doi.org/10.1016/j.neubiorev.2015.10.004
van Veenendaal, T. M., IJff, D. M., Aldenkamp, A. P., Lazeron, R. H. C.,
Hofman, P. A. M., de Louw, A. J. A., … Jansen, J. F. A. (2017). Chronic
antiepileptic drug use and functional network efficiency: A functional
magnetic resonance imaging study. World Journal of Radiology, 9(6),
287. https://doi.org/10.4329/wjr.v9.i6.287
Velasco, F., Velasco, A. L., Velasco, M., Jiménez, F., Carrillo-Ruiz, J. D., &
Castro, G. (2007). Deep brain stimulation for treatment of the epilep-
sies: The centromedian thalamic target. In D. E. Sakas & B. A. Simpson
(Eds.), Operative neuromodulation (Vol. 97/2, pp. 337–342). New York,
NY: Springer. https://doi.org/10.1007/978-3-211-33081-4_38
Velasco, F., Velasco, M., Jimenez, F., Velasco, A. L., & Marquez, I. (2002).
Stimulation of the central median thalamic nucleus for epilepsy. Stereo-
tactic and Functional Neurosurgery, 77(1–4), 228–232. https://doi.org/
10.1159/000064611
Vollmar, C., O'Muircheartaigh, J., Barker, G. J., Symms, M. R.,
Thompson, P., Kumari, V., … Koepp, M. J. (2011). Motor system hyper-
connectivity in juvenile myoclonic epilepsy: A cognitive functional
magnetic resonance imaging study. Brain, 134(6), 1710–1719. https://
doi.org/10.1093/brain/awr098
von Krosigk, M., Bal, T., & McCormick, D. (1993). Cellular mechanisms of a
synchronized oscillation in the thalamus. Science, 261(5119), 361–364.
https://doi.org/10.1126/science.8392750
Wang, Z., Zhang, Z., Jiao, Q., Liao, W., & Chen, G. (2012). Impairments of
thalamic nuclei in idiopathic generalized epilepsy revealed by a study
combining morphological and functional connectivity MRI. PLoS One,
7(7), 39701. https://doi.org/10.1371/journal.pone.0039701
Wang, Z., Lu, G., Zhang, Z., Zhong, Y., Jiao, Q., Zhang, Z., … Liu, Y. (2011).
Altered resting state networks in epileptic patients with generalized
tonic–clonic seizures. Brain Research, 1374, 134–141. https://doi.org/
10.1016/j.brainres.2010.12.034
Wei, H. L., An, J., Zeng, L. L., Shen, H., Qiu, S. J., & Hu, D. W. (2015).
Altered functional connectivity among default, attention, and control
networks in idiopathic generalized epilepsy. Epilepsy & Behavior, 46,
118–125. https://doi.org/10.1016/j.yebeh.2015.03.031
Weininger, J., Roman, E., Tierney, P., Barry, D., Gallagher, H., Murphy, P.,
… Roddy, D. W. (2019). Papez's forgotten tract: 80 years of
unreconciled findings concerning the thalamocingulate tract. Fron-
tiers in Neuroanatomy, 13(February), 1–11. https://doi.org/10.3389/
fnana.2019.00014
Whelan, C. D., Altmann, A., Botía, J. A., Jahanshad, N., Hibar, D. P.,
Absil, J., … Sisodiya, S. M. (2018). Structural brain abnormalities in the
common epilepsies assessed in a worldwide ENIGMA study. Brain,
141(2), 391–408. https://doi.org/10.1093/brain/awx341
Whitfield-Gabrieli, S., & Nieto-Castanon, A. (2012). Conn: A functional
connectivity toolbox for correlated and anticorrelated brain networks.
Brain Connectivity, 2(3), 125–141. https://doi.org/10.1089/brain.
2012.0073
Wolff, M., & Vann, S. D. (2019). The cognitive thalamus as a gateway to
mental representations. Journal of Neuroscience, 39(1), 3–14. https://
doi.org/10.1523/JNEUROSCI.0479-18.2018
Worsley, K. J., Marrett, S., Neelin, P., Vandal, A. C., Friston, K. J., &
Evans, A. C. (1996). A unified statistical approach for determining sig-
nificant signals in images of cerebral activation. Human Brain Mapping,
4(1), 58–73. https://doi.org/10.1002/(SICI)1097-0193(1996)4:1<58::
AID-HBM4>3.0.CO;2-O
Yuan, R., Di, X., Taylor, P. A., Gohel, S., Tsai, Y., & Biswal, B. B. (2016).
Functional topography of the thalamocortical system in human. Brain
Structure and Function, 221(4), 1971–1984. https://doi.org/10.1007/
s00429-015-1018-7
Yuen, N. H., Osachoff, N., & Chen, J. J. (2019). Intrinsic frequencies of
the resting-state fMRI signal: The frequency dependence of func-
tional connectivity and the effect of mode mixing. Frontiers in Neuro-
science, 13(September), 1–17. https://doi.org/10.3389/fnins.2019.
00900
Zangiabadi, N., Ladino, L. D., Sina, F., Orozco-Hernández, J. P.,
Carter, A., & Téllez-Zenteno, J. F. (2019). Deep brain stimulation and
drug-resistant epilepsy: A review of the literature. Frontiers in Neurol-
ogy, 10(June), 1–18. https://doi.org/10.3389/fneur.2019.00601
Zhong, C., Liu, R., Luo, C., Jiang, S., Dong, L., Peng, R., … Wang, P. (2018).
Altered structural and functional connectivity of juvenile myoclonic
epilepsy: An fMRI study. Neural Plasticity, 2018, 7392187. https://doi.
org/10.1155/2018/7392187
Zhu, L., Li, Y., Wang, Y., Li, R., Zhang, Z., Lu, G., & Chen, H. (2016). Aberrant
long-range functional connectivity density in generalized tonic-clonic
seizures. Medicine, 95(24), e3893. https://doi.org/10.1097/MD.
0000000000003893
How to cite this article: Chen, Y., Fallon, N., Kreilkamp, B. A.
K., Denby, C., Bracewell, M., Das, K., Pegg, E., Mohanraj, R.,
Marson, A. G., & Keller, S. S. (2021). Probabilistic mapping of
thalamic nuclei and thalamocortical functional connectivity in
idiopathic generalised epilepsy. Human Brain Mapping, 1–17.
https://doi.org/10.1002/hbm.25644
CHEN ET AL. 17
